Abbreviations used: ADC, apparent diffusion coefficient; ECS, ex tracellular space; ISM, ion-selective microelectrode; MRI, magnetic resonance imaging; 30MG, 3-0-methylglucose; PEG, polyethylene glycoL basic composition of (in mmoIlL): NaCI, 121; KCI, 4.2; NaHC0 3 , 31; sodium phosphate, 8 (added as a mixture of mono-and di-basic salts to achieve pH 7.4 at 4°C); CaCI2, 1.5;
Summary: Diffusion in the extracellular space (ECS) is im portant in physiologic and pathologic brain processes but re mains poorly understood. To learn more about factors influ encing tissue diffusion and the role of diffusion in solute-tissue interactions, particularly during cerebral ischemia, we have studied the kinetics of several radiotracers in control and hyp oxic 450-f,Lm hippocampal slices and in 1,050-f,Lm thick slices that model the ischemic penumbra. Kinetics were analyzed by nonlinear least squares methods using models that combine extracellular diffusion with tissue compartments in series or in parallel. Studies with 14 C-polyethylene glycol confirmed prior measurements of extracellular volume and that ECS shrinks during ischemia. Separating diffusion from transport also re-Diffusion through the extracellular space (ECS) plays an important role in many physiologic and pathologic processes of the CNS. Despite this, there are still rela tively few methods available to study ECS diffusion in brain and spinal cord (Nicholson, 1993) , and a great deal remains to be learned about ECS dynamics and about how ECS volume and diffusion rates are affected by disease. Early studies, using electrical impedance mea surements, electron microscopy, or ventricular, cisternal, or subarachnoid perfusion of ionic radiotracers such as 131 1 and 35 S-labeled sulfate or thiosulfate, were compli cated by a variety of artifacts (see Van Harreveld, 1972) . Subsequent studies, using more sophisticated geometric models and more accurate measures of membrane resis tance in CNS (Fenstermacher et aI., 1970) and the intro duction of the freeze-substitution method (Van Harrev-vealed large amounts of 4 SCa that bind to or enter brain as well as demonstrating a small, irreversibly bound compartment dur ing ischemia. The rapidity of 3 H20 entry into cells made it impossible for us to distinguish intracellular from extracellular diffusion. The diffusion-compartment analysis of 3-0methylglucose data appears to indicate that 5 mmol/L glucose is inadequate to support glycolysis fully in thick slices. Unex pectedly, the diffusion coefficient for all four tracers rose in thick slices compared with thin slices, suggesting that ECS becomes less tortuous in the penumbra. Key Words: Brain Calcium-Diffusion-Extracellular -Ischemia-3-0-Methyl glucose.
eld, 1972), as well as the use of 1 4 C-labeled compounds such as inulin and sucrose (Rail et aI., 1962; Bourke et a!., 1965; Fenstermacher et aI., 1975) , provided better estimates. More recently, use of ion-selective microelec trodes (ISM) to follow diffusion of K+ or exogenous ions has provided consistent measurements under a variety of conditions (Nicholson, 1993) . As a result of these several advances, it is now generally accepted that the ECS vol ume of brain is between 12% and 20%. The goal of the present studies was to develop brain slice tracer kinetic models that explicitly include ECS diffusion as well as tissue transport and binding, and then to apply the models to control and ischemic brain slices with a variety of radiotracers. All of our previous kinetic studies in brain slices (Newman et a!., 1990 (Newman et a!., , 1995a (Newman et a!., , 1996 have been performed using strictly compartmental analyses, which neglect the important role of diffusion through the ECS. The system may be more appropriately described by a combination of diffusion through an ex tracellular space in series with one or more compart ments, especially because the time scale for diffusion in brain slices may be of the same order of magnitude as cellular transport (Lund-Andersen and Kjeldsen, 1976) . By separating out the effects of diffusion, the initial rate constants (k1 and k 2 ) are more likely to accurately reflect transport across the plasma membrane. Not only does the original compartmental approach lead to values for KI and k 2 that are without physical meaning, it also makes it impossible to distinguish changes in ECS dynamics from changes in transport processes, yet the distinction may be important for understanding the consequences of isch emia.
Diffusion of a substance through any threedimensional body can be described (Fick, 1855) as ac a 2 c a 2 c a 2 c -= D -+ D -+ D -
(1) at 1 ae 2 a X 2 3 a� 2
where C is concentration, t is time, the Dj are the prin cipal diffusion coefficients, and �, X, and � are the three principal rectangular axes of diffusion. Assuming that most substances enter brain slices primarily through the cut surface planes rather than through the pial edges, the brain slice may be described as a slab (Appendix 1) so that diffusion measurements are made perpendicular to the slice surface. Diffusion in the plane of the slice sur face does contribute to measurements, however, by in creasing ECS volume, 0', and by reducing the apparent diffusion coefficient (Appendix 2). The present studies demonstrate the feasibility of mea suring ECS volume and rates of diffusion in brain slices for such diverse radiotracers as 1 4 C-polyethylene glycol (3,300 Da; PEG), 3 H 2 0, 45 Ca, and 1 4 C_3 _0_ methylglucose (30MG). The kinetic models and tracers are used to study ECS dynamics and solute-tissue inter actions in 1,050-f.Lm thick hippocampal slices, which provide a model of the ischemic penumbra (Newman et aI., 1988) , as well as in control and hypoxic 450-f.Lm slices. The results with control 450-f.Lm slices confirm earlier ECS diffusion results but also extend those results by providing a detailed analysis combining diffusion with tissue transport for 4 S Ca and 1 4 C-30MG. It was not possible to distinguish intracellular from extracellular diffusion of 3H 2 0. Results with ischemic thick slices are consistent with some aspects of earlier studies of ECS dynamics in ischemia but also provide several new tracer-specific observations of related intracellular phe nomena. Thick slices also show an unexpected increase in the extracellular diffusion coefficient for all tracers with implications for ECS structure and changes in the ischemic penumbra.
METHODS

Materials
All buffers and inorganic salts were obtained from Sigma Brain slice preparation, isotope incubations, and analysis Each incubation day, four male Sprague-Dawley rats (225 to 275 g) were lightly anesthetized with 3% halothane in 50% N20-50% O2 and maintained with 2% halothane in 50% N20-50% 02' A rectal temperature probe was inserted and the rat was immersed in a bed of crushed ice until the probe read 30°C (Newman et a!., 1992; Espanol et aI., 1994) . The rat was de capitated, and the brain was rapidly removed and chilled briefly in ice-cold preparation buffer (see below). Both hippocampi were dissected free and chopped perpendicular to the long axis at 450 f.Lm or 1,050 f.Lm using a Smith-Farquhar tissue chopper (Sorvall, Dupont, Wilmington, DE, U.S.A.) , with up to 10 slices per animal chosen from the central portions of the hip pocampi. The slices were separated from the chopped hippo campi while submerged in preparation buffer using tools made from fire-polished drawn glass pipets. All slices were then transferred with a 7-mm inner diameter polyethylene pipet to incubation chambers within 6 minutes of decapitation.
All brain slices from each animal were incubated as a group in a chamber designed specifically for biochemistry and his tology, with the slices submerged by about 1 mm (Newman et a!., 1995b) . Slices were incubated resting on nylon mesh sus pended across glass rings (28 mm inner diameter) at 22°C for 45 minutes and then the buffer temperature was raised during 20 minutes to 37°C for the remainder of the experiment. Buffer, already preequilibrated with humidified 95% O2-5% COb flowing at I mLiminute, entered the chamber together with humidified 95% O2-5% CO2, flowing at 85 mLiminute, For slices incubated with radioisotope for 60 minutes or less, the incubation chamber was modified so that buffer recircu lated with a total volume of IS.4 mL at a flow rate of 2.0 mLiminute. Buffer was exposed to gas on chamber reentry as described above. Slices incubated with radioisotope for more than 60 minutes were incubated with the usual flow-through chamber configuration at O.S mUminute to avoid potential ac cumulation of slice metabolic products. Isotope incubation buffers were identical to Krebs-Ringer-3.1 % dextran as de scribed above except that they also contained either 14 C_PEG
(final buffer activity of 0. 1 fLCi/mL), 3 H20 (7.7 fLCilmL), or 14 C-30MG (0.28 fLC/mL). Radiotracer incubations were begun by lifting the rings with all 10 slices from the preincubation chamber and gently pipetting I mL of radioactive buffer over the slices, thus avoiding dilution of radiolabel in the incubation chamber. The time was noted and the rings were immediately transferred to the isotope incubation chamber. Half of the slices from each animal were used for measuring radiotracer influx and half were used to measure tracer eft1ux. Influx slices were removed individually from the chamber at times varying from IS seconds to 224 minutes with a wide-bore pipet and trans ferred to a slice-handling tool fashioned from 0.018" stainless steel wire bent into the shape of a spoon ( Vd= bath radioactivity (dpm/m\)
where tissue radioactivity was the sum of radioactivity in the 
Agar disc preparation and incubation
Agar discs were prepared using 4S0-fLm and I ,0SO-fLm thick A value for Vd* was calculated for each agar disc incubated with isotope using these mean weights. condition to reduce the number of parameters fit by the least squares routine and improve the accuracy of the remaining variables. Only one other constraint was used for these analy ses. Because the rate of efflux from the second tissue compart ment for 4 SCa was extremely slow in hypoxic and thick slices, it was necessary to fix the value of k 4 or k2" for the serial or parallel compartment model ( Fig. I B and C) , respectively, at a finite level to avoid obtaining an infinite value. The value was fixed arbitrarily at 0.0000 1. In the final analyses, the tissue compartment is called bound for 1 4C_PEG, and the serial com partments for 1 4 C-30MG and 4 SCa are called cell and bound.
Kinetic analyses and calculations
Graphics were generated with Axum (Trimetrix, Seattle, W A, U.S.A.) using actual data and model data generated by the analytical programs.
The three models used for analysis of agar disc kinetics (Appendix I) consider either diffusion through the facial planes of the disc only ( Fig. I F) , diffusion through the planes and side walls of the disc (Fig. IG) , or diffusion directly through the walls and through an un stirred layer in series with the cylinder planes ( Fig. IH) . Because initial least squares analyses pro duced a slight difference in the PEG volume of distribution for the two disc thicknesses (0.S3 ± 0.02 mUg for 4S0-f.Lm discs and 0.S9 ± 0.02 mUg for 1,OSO-f.Lm discs), even though the discs were prepared in the same session from the same agarose solution in all cases, a single volume of distribution for PEG in agar discs was chosen by minimizing the combined sum of the squares of the curves for the two thicknesses. This single value of 0.S6 mL/g was used for all subsequent analyses of both thicknesses. Also, because the diffusion coefficient of PEG in agar has been measured previously (J. Fenstermacher, personal communication), we were able to determine the effects of in cluding an unstirred layer on agar disc kinetics by varying the thickness of the unstirred layer for each slice thickness until the least squares analysis produced the measured value of 1.7 x 10-6 cm 2 /second. Note that no standard error of the estimate for the unstirred layer thickness is available with this approach. All diffusion coefficients are reported at 37°C without correction for salt content of the medium.
Finally, the unstirred layer model was used to determine the effect of including an un stirred layer on the calculated apparent diffusion coefficient in tissue slices. Because of the complex geometry of a tissue slice, the slice was represented, for these purposes, by a disc 3 mm in radius to provide a surface area similar to that of a typical hippocampal slice, which is more closely represented by a 4x 7-mm rectangle. Using the thick ness of unstirred layer determined for agar discs, a corrected "internal" diffusion coefficient, D'issue' could be estimated for each slice condition and tracer from the known diffusion coef ficient of PEG in agar, the experimental ECS volume, and the diffusion coefficient determined by least squares analyses. Tor tuosity was calculated as (Da g a/Dtissue) I /2, assuming that Da g ar was a good approximation of Dw (Nicholson and Tao, 1993) .
Results are reported without the unstirred layer correction in all
Tables except Table 5 , which summarizes results of all diffu sion coefficients with correction for an unstirred layer.
To estimate the accuracy and robustness of the parameters determined by the least squares analyses, given the noise of the measurements, data for 4 SCa in control slices were reanalyzed as follows. The data were fit by least squares analysis as above using a model with extracellular diffusion and two compart ments in parallel and weighting as I/C1/2. The derived kinetic parameters were then used to calculate a set of idealized data points, one value of Vd * at each experimental time point. This idealized data set was then refit using the same kinetic model to establish that the kinetic parameters would be the same and J Cereb Blood Flow Metab, Vol. 18, No. 7, 1998 with little or no standard error. Once this was established, error was introduced into the idealized data curve by generating ran dom error around each point using the equation
where A is an arbitrary positive constant and B is a random number generated from a normal Gaussian distribution with a mean of 0 and a variance of I. Varying the arbitrary constant A thus permits any degree of error to be introduced into the curve.
This process was repeated many times for every value of A studied to generate new data curves with random noise. These new curves with random noise were then fitted with the same least squares analysis used for the experimental data.
Histologic analysis and adenylate assays
An additional group of rats was used to prepare slices for histology and adenylate assays. Slices were prepared as for kinetics, incubated in separate flow-through chambers for his tology and adenylates, and then removed from the chambers after 4 hours in vitro and fixed or frozen in their rings.
Slices for histology were fixed at 37°C for I hour in Bouin's fixative, dehydrated, paraffin-embedded, sectioned at 7 f.Lm, and stained with hematoxylin and eosin. All slices were en coded and read by a single observer in a blinded manner (New man et a!., 1992). After identifying the central section of each slice and confirming that it was representative of the central 300 f.Lm of the slice, individual grades were assigned to the CA I, CA2, CA3, and CA4 regions and the inner blade of dentate gyrus based predominantly on the appearance of the pyramidal or granule cells, although appearance of the neuropil was also considered. This subjective grading system is the same as one used for assessing in vivo ischemia of hippocampus (Halsey et aI., 1991) . Histologic standards were prepared with brains fixed in situ (Newman et aI., 1995b) Slices of both thicknesses were prepared from two rats and incubated with fluorescein-labeled 3,000-Da molecular weight dextran to confirm that a molecule of this size could penetrate to the center of thick slices and to obtain a qualitative estimate of the time necessary to reach steady state. Slices were prepared and preincubated as usual and then exposed to fluorescein labeled, sulfated, lysine-fixable dextran with a mean molecular weight of 3,000 Da for times varying from 5 to 60 minutes and then processed by modifications of previously described meth ods (Schmued et a!., 1990; Nance and Burns, 1990) . All results are presented as means with standard deviations except the results of the values from the least squares analyses of variance, which are presented with standard errors.
RESULTS
H i stology
Thin hippocampal brain slices, incubated by mInI mally submerging in Krebs-Ringer with dextran at 37°C, show excellent preservation after 4 hours in vitro in CAl and very good preservation in every other region ( Fig Table 1 ). The basal and apical neuropil are uni formly tightly packed with few open tissue spaces ap parent anywhere. Most dendritic profiles closely re semble those of control tissue fixed by perfusion of the brain in situ. Because our incubation conditions have been chosen to optimize the histologic appearance of CAl (Newman et aI., 1995b) , it is not surprising that the best histology is observed in that region. Thick brain slices incubated under the same conditions show signifi cantly worse histology than thin slices in every region except CA3 ( Fig. 2F -J ; Table 1 ). The apical dendrites of CAl, CA2, and dentate are narrower and more dense than in 450-j.1m slices, with a tendency toward vacuol ization in the surrounding neuropil that causes the neu ropil to appear more lightly stained overall. Neuropil of CA3 and CA4, however, is virtually identical to that in thin slices. The severity of injury to hypoxic slices is similar in microscopic appearance and histologic scores to that of 1,050-j.1m slices ( Fig. 2K ; Table 1 ), although it is slightly less severe and there are some subtle differ ences in the appearance of CAl pyramidal cells that are less pyknotic than in thick slices.
Adenylates and wet we i ghUprote i n Tissue adenylates differ substantially among the three slice conditions (Table 2) . Thin slice total adenylates are approximately half of what is expected from in vivo mea surements (Folbergrova et aI., 1972) , and the energy charge is below that of healthy in vivo tissue. There is a significant decrease in A TP and increase in AMP in 1,050-j.1m slices compared with control 450-J.1m slices, whereas ADP is unchanged. As a result, the energy charge is significantly reduced. There is an insignificant reduction in total adenylates of thick slices. Hypoxic slices have A TP levels similar to those found in thick slices but AMP does not increase. As a result, the energy charge falls to a lesser extent than in the thick slices, but total adenylates fall to a substantially lower level.
The mean wet weight/protein ratios of all control 450-J.1m slices used for the 14C_PEG and 14C-30MG experi ments was 12.2 ± 2.4 mg tissue/mg protein whereas the equivalent value for 1,050-j.1m slices was 14.2 ± 2. 3 mg tissue/mg protein and for hypoxic 450-J.1m slices was 14.6 ± 0.4. Thus thick slices gain 16.4% and hypoxic 450-J.1m slices gain 19.7% more water than control thin slices. Most of the water gain occurs during the 75minute preincubation period so that slice weights change little during the isotope incubations (data not shown).
Polyethylene glycol k i net i cs
The data for 14C_PEG kinetics with the best least squares fits are shown in Fig. 3A -C ; the quantitative results are given in Table 3 . Visual inspection of the PEG washout portion of the curve reveals that the tracer fails to wash out completely, suggesting tissue binding of PEG. Least squares analysis confirms the need to include a bound compartment with essentially equivalent kl and k 2 and a bound space of around 0.2 mL/g, where bound space = (kl x ECS)lk 2 . All three slice conditions, control 450 J.1m, hypoxic 450 J.1m, and control 1,050 J.1m, have virtually identical k1, k 2 , and bound space, suggesting that the interaction of PEG with tissue is independent of energy state. Including this space in the analysis pro duces an excellent correlation between data and least squares calculations. Attempts to add a second compart ment in parallel or series with the first yields only an infinitely small second space. Once binding is taken into account, the least squares analyses reveal major differ ences between thin and thick slices ( Table 3 ). The ECS volume of control thin slices is 0.250 ± 0.024 mL/g, with a PEG diffusion coefficient that is considerably less than the apparent diffusion coefficient of PEG in agar (1.7 x c. S. PATIAK ET AL.
c: Q)
C 450 �m 10-6 cm 2 /second). In thick slices, ECS volume shrinks to 0. l68 ± 0.043 mLig, and the diffusion coefficient is con siderably higher than in thin slices, although still some what less than in agar. The ECS volume of' hypoxic slices is 0.245 ± 0.094 mLig, similar to that of control 450-fl,m slices and the diffusion coefficient falls slightly com- pared with control slices. The time-dependent entry of' PEG into ECS and the bound compartment predicted by the least squares models are illustrated in Fig. 3D -F. The similarity of' bound space for the three slices and the difference in thick slice ECS volume are readily appar ent. CAl 1,0 ± 0.0 3.1 ± 0.2t 3.9 ± 0.3t CA2 1,5 ± 0.4 3.0 ± 0.5* 3.4 ± 0.9* CA3 1,7 ± 0.5 2.5 ± 0.4 2.7 ± 0.9 CA4 1.3 ± 0.4 2.4 ± 0.4* 2.8 ± 0.9* Dentate 1.7 ± 0.6 3.9 ± 0.5* 4.4 ± 0.6t SQI 7.2 ± 1.3 14.9 ± 2.2* 17.3 ± 2.7t * p < 0.05; tP < 0.01 for comparison with control 450 f-Lm slice by analysis of variance. All values are mean ± SD. SQI is sum of all regions. Higher scores indicate greater injury (see text), n = 6.
Diffusion kinetics of 1 4 C_PEG in agar discs are illus trated in Fig. 4 and summarized in Table 4 . Diffusion was analyzed both for the case of entry of tracer from the disc surfaces only and for the case with entry from both the surfaces and sides of the cylinders (Table 4 ). The ECS volume that minimized the sum of the squares of the curves for both thicknesses simultaneously was 0. 86 mUg and this value was used as the ECS volume in all analyses of agar experiments. This value is consistent with prior measurements of the volume of distribution of PEG (3,400 Da) in agar (1. Fenstermacher, personal com munication). When diffusion from the disc surfaces with out diffusion through the sides was considered, the dif fusion coefficient was well below the previously mea sured value of 1. 7 x 10-6 for diffusion of 3,300-Da PEG in long agar cylinders (J. Fenstermacher, personal com munication). Considering diffusion through the sides of the discs as well as from the surfaces increased the ap parent discrepancy, as expected. In addition, diffusion still appeared to proceed more rapidly in 1 ,050-f..l m discs than in 450-f..l m discs. Because no artifact of method or analysis that could explain these anomalies was found after exhaustive review, the possibility of an un stirred layer or combination of unstirred layer with dead space in our chamber incubation system was considered to be likely. Therefore the theory used for analysis was modi fied to include the presence of an unstirred layer, and with the ECS volume kept at 0. 86 mUg, the layer thick ness was adjusted for each agar disc thickness until the apparent diffusion coefficient in the disc reached the pre viously measured value of 1.7 x 10-6 cm 2 /second. The resulting unstirred layer was 265 f..l m in both 450-f..l m and 1,050-f..l m discs, in precise agreement with each other and suggesting that inclusion of an effective dead space, or un stirred layer, of 265 f..l m is necessary to ob tain an accurate value for the diffusion coefficient with our methods. The dashed lines in Fig. 4 , A and B, rep resent the best least squares fit for diffusion into the agar discs, assuming the presence of a 265-f..l m un stirred layer and a diffusion coefficient of 1.7 x 10-6 cm 2 /second in both the unstirred layer and the agar. The effects of in cluding this unstirred layer in slice experiments can be observed by comparing the calculated values of the dif fusion coefficient for each tracer with the corrected val ues in Table 5 . For example, the diffusion coefficient of PEG would change from 0. 39 x 10-6 to 0.48 X 10-6 cm 2 /second in control thin slices, from 0. 30 x 10-6 to 0.38 X 10-6 cm 2 /second in hypoxic 450-f..l m slices, and from 1.11 x 10-6 to l.23 X 10-6 cm 2 /second in thick slices (Tables 3 and 5 ). All conclusions and discussions are based on the values of diffusion coefficients that were corrected for an unstirred layer-dead space.
Although we have not quantified the results of slices incubated with fluorescein-labeled 3,000-Da dextran, two results are apparent from inspection of the data. First, fluorescent material is visible in the central sec tions of thick slices within 5 minutes, and there is a substantial amount of fluorescence in the central sections within 10 minutes. Second, by 30 minutes the fluores cence of the central sections of thick slices is nearly as high as that of sections near the slice surface. Thus these preliminary, qualitative results are consistent with the quantitative results shown for 3,300-Da PEG in Fig. 3A and B.
Kinetics of 3H20
Kinetics of 3 H 2 0 appear different from those of PEG because diffusion and cellular exchange are much faster and because they promptly return to baseline during washout, showing none of the nonspecific binding ap parent with PEG ( Fig. 5 ). Because any reasonable de scription of water movement in tissue requires both in tracellular and extracellular diffusion, we did not analyze the 3 H 2 0 data with a compartmental model but used only models based on diffusion alone. The model presented assumes that cell membranes pose no effective barrier to 
-.eo: a· 4:
. . rapid diffusion of water so that all tissue compartments are in equilibrium and only a single apparent diffusion constant can be observed (Table 6 ; Appendix 2). At tempts to analyze the 3 H 2 0 data with a model incorpo rating two parallel diffusion paths in rapid equilibrium with each other (representing intracellular and extracel lular pathways) was not successful because the perme ability of water is too great to permit resolution of two pathways given the temporal limitations and scatter of our data. However, calculated tortuosity is much greater for 3 H 2 0 than for the other tracers in both thin and thick slices (Table 5) , apparently reflecting the mixture of ECS diffusion with more restricted intracellular diffusion. Moreover, the total 3 H 2 0 space appears to be signifi cantly larger in thin slices than in thick slices. Finally, when the effects of the chamber dead space and unstirred layer are taken into account, the overall diffusion in thick slices is nearly twice as fast as in thin slices.
14C_3_0_ Methylglucose
Analysis of 14 C-30MG data in thin or thick slices requires a more complex kinetic model than that used for 1 4 C_PEG or 3 H 2 0. This is evident from visual analysis, which reveals that the fit with a one-compartment model is less satisfactory than the fit with two compartments ( Fig. 6A and B) , and because adding a second compart ment reduces the sum of the squares of the best fits by 50%. Results of the kinetic analyses for the two slice thicknesses (Table 7) are virtually the same whether a serial or parallel model is used. The standard errors of the rate constants kj and k 2 are large, nearly twice the size of the value of the constant. The errors of k 3 and k 4 or k 1 ' and k 2 ' are smaller but still of the same size as the rate constants themselves. The compartment volumes, how ever, can be determined with much greater accuracy than the rate constants. There is virtually no difference in compartment volumes whether the serial or parallel model is used. The results for the diffusion coefficients are consistent with the results of 14 C_PEG (Table 5 ). The diffusion coefficient in the thick slice is nearly twice that in the thin slice and more closely approaches the ex pected diffusion coefficient of 30MG in water. The total cell volumes are very similar to the values that we have previously determined for thin and thick hippocampal brain slices in earlier experiments (Newman et al., 1990 (Newman et al., , 1996 . Both intracellular 30MG spaces in thick slices appear larger than those of thin slices ( Fig. 6C and D) .
4SCa kinetics
Reanalysis of our previously published 45 Ca data with the diffusion model also required the use of two com partments ( Fig. 7 A-C; Table 8 ). Attempts to use a three compartment model produced no further reduction in the sum of squares, and the rate constant errors became un acceptably large. As with the other tracers, the extracel lular diffusion coefficient is substantially less than that in ,--- 450 ""m 0.56 ± 0.05 0.47 ± 0.04 265 1050 ""m 1.40 ± 0.08 0.95 ± 0.08 265
Diffusion coefficients are cm 2 /sec. Unstirred layer is that required for D to be 1.7 x 10-6 cm 2 /sec, the expected diffusion coefficient of 3,300 dalton PEG in agar (see text). For 450 ""m discs, n = 32; for 1050 ""m discs, n = 31.
water in thin slices and nearly doubles in thick slices ( Table 5 ). The diffusion coefficient of hypoxic slices is decreased relative to control thin slices, however, just as with 14 C_PEG. The initial rate constants for cellular up take are all extremely fast, perhaps slightly faster in the thick slice but the large standard errors make this uncer tain. In all three conditions, the amount of Ca+ 2 in the first, rapidly exchanging cellular compartment is very large relative to the amount in the ECS so that the total amount of tissue Ca+ 2 that is cellular is an order of mag nitude larger than extracellular Ca+ 2 . The rate constants for the second compartment differ among the slice con ditions. Exchange in and out of the second compartment is clearly faster in control 450-f,Lm slices than in either hypoxic or ischemic thick slices. Efflux from the second compartment, in particular, is very slow in the hypoxic and thick slices. As a result, the calculated size of the second compartment becomes very large with time, and would actually be much larger if no limit were placed on k 4 or k 2 '. This kinetic behavior is consistent with essen tially irreversible binding or sequestration of Ca+ 2 within an intracellular subcompartment ( Fig. 7D-F ). Because this is present in thick and hypoxic slices but not in controls, it may represent an important feature of isch emia.
Unstirred layer
The results of incorporating an unstirred layer on the calculated diffusion coefficient have been presented for each individual tracer (Table 5 ). To summarize these results, the diffusion coefficients for thin slices increase by an average of 18% when the unstirred layer is taken into account, whereas the relative effect is smaller in thick slices such that the diffusion coefficients in thick slices increase by only about 8%. The results with 3 H 2 0 differ substantially from those of the other tracers, as would be expected, because the diffusion coefficient for 3 H 2 0 is the only one that includes intracellular diffusion.
Finally, even when the unstirred layer is included in the calculation, the tracer diffusion coefficients are much faster in thick slices than in thin slices.
Error analysis
Error analysis of the 45 Ca control data revealed that letting A in equation. 3 equal to 0.1 produced a sum of squares very similar to that found with the experimental data. Doubling A tripled the experimental sum of squares. With A = 0.1, repeated fitting procedures gen erated values and standard errors of k l and k 2 that were generally similar to the values from the best fit of the experimental data but could be much smaller, by almost an order of magnitude. Values of k,' and k 2 ' were gen erally close to the parameters based on experimental data, differing in most cases by less than 20%. Even better correlations were found for D and the ratios k/k 2 and k,' Ik 2 ', which form the basis for estimating the size of the compartments. With A = 0.1, these parameters were consistently within 5% of the experimentally de rived parameters, and even with A = 0.2, the mean val ues from the error analyses were also within 5% for D and k/k 2 and within 14% for k,'lk 2 " Thus this error analysis suggests that these equations yield robust esti mates for D, k 1 lk 2 , and k,' Ik 2 ' from data with the degree of noise present in these experiments.
DISCUSSION
The kinetic models that we have presented consider diffusion of solutes in the ECS together with bound or intracellular tissue compartments connected in series and in parallel but do not include the effects of bulk flow or blood-brain barrier transport, which are not present in tissue slices. The models have been used to study control and hypoxic 450-f,Lm hippocampal brain slices and isch emic 1,050-f,Lm slices with a variety of radiotracers cho sen to address specific issues regarding diffusion and tissue transport. Most of the results are consistent with or All diffusion coefficients are cm 2 /sec at 37°C. Dr;"uc are based on analysis with serial model. ND indicates that measurement was not done. Values of Dw are from Lide, 1995. The value for 30MG is actually that for glucose which has been used in the absence of any published value for 30MG. extend earlier observations. but the effect of slice thick ness on extracellular tortuosity is entirely unexpected. raising important questions about the structure of the ECS and its response to ischemia if these results are subsequently confirmed. The value of a, the ECS volume fraction in brain, has been measured at about 0.2 1 using ISM in tissue slices and in vivo, with a reported range between 0. 18 and 0.29 (Nicholson and Ph illips, 1981; Rice and Nicholson, 1991; Lundb<ek and Hansen, 1992; Lipinski and Bing mann, 1987; Sykova et aI., 1994) . Ion-selective micro electrode measurements of hippocampal brain slices demonstrate that a varies among subregions, from 0.12 in CA 1 to 0.18 in CA3 stratum pyramidale (McBain et aI., 1990; Perez-Pinzon et aI., 1995) . Our value of 0.25 ± 0.02 for 450-/-Lm control hippocampal slices, obtained from least squares analysis of 1 4 C_PEG data, is consis tent with the ISM results because whole-slice radioiso tope methods include the injury space at the cut slice surface. This space has been estimated by analysis of serial electron micrographs (Newman, 1991) . For 450-/-Lm slices, the space is about 5% of the total slice vol ume; for 1,050-/-Lm slices, the surface injury would be 2.4% of the total slice volume. With correction for sur face injury, the 1 4 C_PEG spaces become 0.2 1 for 450-/-Lm slices and 0.15 for 1,050-/-Lm slices. Our results in thin slices are also consistent with prior estimates of A, the tortuosity of the ECS, where A 2 = D w l Dt issue ' D w is the diffusion coefficient of a tracer in bulk water (or agar) and Dt issue is the measured diffusion coefficient in tissue. Analyses of extracellular radiotracer kinetics in thin slices yielded A values of 1.53 for 30MG and 1.52 for 45 Ca (Table 5 ), in excellent agreement with prior estimates in normal brain tissue in vivo and in brain slices measured using other methods (Nicholson and Ph illips, 1981; Lipinski and Bingmann, 1987; McBain et aI., 1990; Rice and Nicholson, 1991; Lundb<ek and Han-sen, 1992) . Note that the slightly larger value of 1.88 for A with PEG suggests possible restriction of movement, even for this 3,300-Da molecule, in ECS compared with the smaller radiotracers. These results with 1 4 C_PEG re quired subtraction of a nonspecific binding component through use of a one-compartment model. The exact na ture of this interaction between the tissue and PEG is unknown, but the fact that the bound space is not affected by hypoxia or slice thickness suggests that it is not re lated to the volume or tortuosity of ECS or the energy state of the tissue. A similar subtraction must also be made for tetramethylammonium, the most commonly used ionic tracer of the ISM method (Rice and Nichol son, 199 1).
Diffusion-weighted magnetic resonance imaging (MRI) makes possible the measurement of an apparent diffusion coefficient (ADC) for water in human brains. Typical values of the ADC range between 0.64 and 1.1 x 10-5 cm 2 /second (Le Bihan, 199 1; Zhong et aI., 1993; Niendorf et aI., 1994; Hoehn-Berlage et aI., 1995; Mi yabe et aI., 1996) , compared with the self-diffusion of water, which is variably estimated to be between 2.2 and 3.2 x 10-5 cm 2 /second (Harris and Woolf, 1980) . The factors that contribute to the ADC are still a matter of controversy but certainly include extracellular and intra cellular diffusion (Pierpaoli et aI., 1993; Knight et aI., 1994; Miyabe et aI., 1996) . The ADC also may be in fluenced by bulk flow of interstitial fluid (Rosenberg et aI., 1980; Cserr et aI., 1981) , but contributions from blood flow are usually suppressed. Our plan was to use 3H20 as a tracer to distinguish intracellular and extracel lular diffusion in a setting lacking tissue pulsation and perfusion. Unfortunately, the very fast diffusion coeffi cient of 3H20 exceeds the technical limits of our slice handling methodology. The relatively wide scatter and poor fit of our data reflect the difficulty of avoiding carryover of radioactivity from the bath while simulta-neously avoiding washout of tracer from the tissue. Be cause water can diffuse through cells as well as in the ECS, a compartmental model would be inappropriate.
Attempts to use a model with two parallel diffusion paths in equilibrium (Redwood et aI., 1974 ; Fig. IH) was not successful because the noise of the data and rapidity of the processes produced large standard errors in the esti mates of the diffusion and rate constants. Thus the only : .
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FIG. 7. Data (e) and best least squares fit with two (Li) compartments for 45Ca kinetics in 450-l-Im (A), 1 ,050-l-Im (B), or hypoxic 450-l-Im (C) slices. The fit with two compartments is the same for the series and parallel models. Also shown are models of diffusion with two compartments in series based on least squares analysis depicting the amount of material in the extracellular space (solid line), first serial compartment (dashed line), or second serial compartment (alternating dash and dot) for 450-l-Im (0), 1 ,050-l-Im (E), and hypoxic 450-l-Im (F) slices. The calculations for the idealized curves are analogous to those in Fig. 3 . Note the virtual absence of washout from space 2 in 1,050-l-Im and hypoxic 450-l-Im slices.
choice left was to use a model with a single constant that combined intracellular and extracellular diffusion, simi lar to that used for MRI data, to obtain the apparent diffusion coefficient. The resulting value for the 3 H 2 0 diffusion coefficient of 0.37 ± 0.02 x 10-5 cm 2 /second is similar to the value of 0.282 ± 0.006 x 10-5 cm 2 /second found in vitro for packed red blood cells (Redwood et al., 1974) and is virtually the same as the estimated ADC for t The larger errors for the parallel model in thick slices reflect the fact that k4 is fixed but k2' is not (see Methods). Definitions and units are the same as in Table 6 . D is uncorrected for unstirred layer. For control 4S0 fLm slices, n = S7; for hypoxic 4S0 fLm slices, n = S9; for I,OSO fLm slices, n = 63.
:j: k, and k4 values are for serial model only whereas k,' and k2' values are for parallel model only.
water in cerebral cortex based on pulsed-field-gradient spin echo nuclear magnetic resonance measurements (Latour et aI., 1994) . Because extracellular and intracel lular diffusion in the control 450-j.Lm brain slices should be similar to that occurring in vivo, the larger value of the ADC compared with these theoretical and in vitro values suggests that bulk flow of interstitial fluid may, in fact, contribute substantially to the ADC . The kinetic models and radiotracer methods used for this study permit calculation of tissue uptake, as a result of binding or transport, in one or more tissue compart ments arranged in series, in parallel, or both. The as sumptions of this approach have been detailed in Appen dix I and include uniform distribution of the system parameters throughout the slice, reversible entry into bound or cellular compartments, and the absence of bio chemical metabolism. Although the technique lacks the rapidity and efficient sampling associated with ISM dif fusion measurements, it complements ISM experiments both by serving as an independent means of confirming results and by providing direct information about the amount of tracer that interacts with the cellular tissue spaces. Results with 4 S Ca and 1 4 C-30MG highlight the value of this approach.
One of the central goals of this research was to im prove on our prior compartmental kinetic analysis of 4 S Ca in brain slices (Newman et aI., 1995a) so that the kinetic model more accurately reflects the actual biologic system, thus facilitating interpretation. The analysis of 4 S Ca data successfully separates extracellular diffusion from tissue interactions ( Fig. 7; Table 8 ), with reason ably good estimates of the diffusion coefficient, the size of both tissue spaces, and the rate constants, k 3 and k 4 . The values for the latter constants are virtually identical to those obtained with the two-compartment model. Un fortunately, the standard errors for the first-space rate constants are very large so that only a gross approxima tion of the size of kl and k2 could be obtained. The most important result with control slices concerns the amount of Ca+ 2 present in tissue compared with the amount of J Cereb Blood Flow Metah, Vol. 18, No. 7, 1998 Ca+ 2 present in ECS (Table 8 ; Fig. 7D ). It is clear that the two tissue compartments together have nearly 10 times the amount of Ca+ 2 present in ECS. This result is not apparent from studies using intracellular fluorescent Ca+ 2 dyes, which demonstrate very low levels of free intracellular Ca+ 2 but do not reflect Ca+ 2 bound or se questered in cells (Carafoli, 1987) . These results are con sistent, however, with earlier whole-tissue studies in vivo, which place the range of whole brain between 1.5 and 4 mmol/kg wet weight (Massie et aI., 1989; Shapira et aI., 1989; Mehta et aI., 1990) , indicating concentration of Ca+ 2 greater than the ECS level. Relatively few stud ies have addressed the issue of extracellular diffusion of Ca+ 2 in the nervous system. Nicholson and Rice (1987) reviewed earlier studies and added measurements of their own using pressure injections of Ca+ 2 into cerebral cor tex of rat. Measurements by pressure injection and ISM detection suggested a diffusion coefficient of 4.42 x 10-6 cm 2 /second, yielding a tortuosity of 1.77. Based on the similarity of this tortuosity with that for tetramethylam monium, they suggested that geometric factors could ac count for most of the retardation of tissue diffusion and concluded that Ca+ 2 must have little interaction with tis sue as it diffuses through the ECS. It is apparent from Table 5 that our value of 5.0 x 10-6 cm 2 /second, which yields a value of A. = 1.5, for Ca+ 2 diffusion in thin control slices agrees reasonably well with their measure ments. However, as discussed above, the complete ki netic curve for 4 S Ca ( Fig. 7 A and D) indicates substantial interactions of Ca+ 2 with tissue. How is it possible for the two results to agree this well even though the conclu sions about tissue interactions differ? With radiotracer methods, the interactions are sufficiently slow to permit identification of the tissue compartments so that the cal culated apparent diffusion coefficient reflects primarily movement in ECS. With ISM measurements, the brief time course of the experiment permits the simplifying assumption of unidirectional tracer influx for Ca + 2 . Thus, for different reasons, both methods yield valid measures of extracellular diffusion despite the extensive interac-tions that are expected and that are observed with the radiotracer results.
Another specific goal of these studies was to deter mine whether a kinetic model that includes diffusion with one cellular compartment could provide an ad equate description of 30MG kinetics in brain slices. Pr ior studies had demonstrated that two compartments are needed to accurately describe brain 30MG kinetics in vivo and in vitro (Vyska et aI., 1985; Brooks et aI., 1986; Newman et aI., 1990) . This is unexpected because 30MG is not significantly phosphorylated in mammalian brain within the usual experimental time course (Jay et aI., 1990; Holden et aI., 199 1) . We have recently con firmed the absence of 30MG phosphorylation in brain slices incubated in 0.25 mmollL glucose, a condition that should favor phosphorylation (unpublished observa tions). The results in Fig. 6A and B , clearly show that two compartments are needed even when diffusion is taken into consideration, because the fit with ECS diffu sion and two compartments is much better visually and the sum of the squares is reduced by more than 25% for the 450-/.1m slices and more than 50% for the 1,050-/.1m slices when the second tissue compartment is added. Be cause 30MG is not phosphorylated, intracellular com partmentalization or tissue heterogeneity are the prob able explanations for the need of the second tissue space. Note also that the value of iI. is 1.53, virtually the same as for 4 S Ca (Table 5) , consistent with the suggestion that charge has little effect on extracellular tortuosity (Ni cholson and Rice, 1987) . The thick slice model of ischemia (Newman et ai., 1988) uses long diffusional distances from the interior to the surface to introduce the factor of reduced clearance that is present during cerebral ischemia in vivo. Even when maintained in well-oxygenated buffer with normal glucose, thick slices spontaneously develop a hypoxic core (Bingmann and Kolde, 1982) , have increased extra cellular K+ (Lipinski and Bingmann, 1986) , gain tissue water (Newman et aI., 1995b) , increase glucose utiliza tion and lactate with substantial differences in 2deoxyglucose kinetics (Newman et aI., 1988 (Newman et aI., , 1990 (Newman et aI., , 1996 , and respond differently from thin slices to acido sis and high K+ (Newman et aI., 199 1) . Despite the hyp oxic core, histologic changes and glucose utilization are remarkably uniform at all slice depths. The present his tology and adenylate values are typical of our earlier and more recent results, demonstrating significant worsening of histology in all hippocampal regions of thick slices except CA3, together with lower ATP, higher AMP, and a much lower adenyl ate energy charge. From these pub lished results and our present findings, we estimate that the 1,050-/.1m thick hippocampal slice most closely re sembles the ischemic penumbra with cerebral blood flow rate of about 20 mL· I00 g-l ·minute-1 . Results for hyp oxic 450-/.1m hippocampal slices have been included for several measures to assist in interpretation of the kinetic differences between 450-/.1m and 1,050-/.1m slices. It is apparent from Tables I and 2 that the histologic injury and reduction in adenylates of 450-/.1m slices incubated continuously for 2.5 hours with air (hypoxia), after 1.5 hours of slice equilibration under control conditions, are similar to or slightly less severe than those in the 1,050-/.1m slices after 4 hours in vitro.
The value of ex, the extracellular volume fraction of 14 C_PEG, corrected for surface injury, decreases from 0.2 J in thin slices to 0. 15 in thick slices, at the upper range of other measurements of ex during ischemia. Stud ies using ISM have demonstrated reductions of ex by 50% in exposed cortex of pentobarbital-anesthetized rats made ischemic by inflation of a cuff around the neck or by cardiac arrest (Hansen and Olsen, 1980) , from 0.23 to 0.07 in layers V and VI of rat cerebral cortex after global ischemia (Sykova et aI., 1994) , from 0. 18 to 0.07 in rat brain cortex (Lundb;:ek and Hansen, 1992) , from 0. 14 to 0.05 and 0.20 to 0.1 7 in CA I and CA3, respectively, of hippocampal brain slices, and from 0. 18 to 0.09 in cor tical brain slices (Perez-Pinzon et aI., 1995) . Similar re sults were also observed with impedance measurements that demonstrated reductions of ex from 0.24 to 0. 12 in cortex of adult rats after middle cerebral artery occlusion (Matsuoka and Hossman, 1982) . The fact that thick slices show a relatively small reduction in ex may be related to the comparatively mild degree of ischemia in our thick slices, because most other studies measured ex after anoxic depolarization associated with severe isch emia, but 1,050-/.1m slices more closely resemble the ischemic penumbra. Observations with ISM and tetra methylammonium in brain slices from neostriatum of adult rats are consistent with this suggestion because ex is found to decrease from 0.2 1 to 0.13 if anoxic depolar ization is avoided by maintaining normal glucose when O 2 is replaced by N 2 . Vir tually all authors interpret the shrinkage of ex during isch emia or hypoxia as reflecting cellular swelling, and our results demonstrating water gain and ECS volume shrinkage under the same conditions are also consistent with this interpretation.
There are several important features of thick slice ki netics worth noting before addressing the complex issue of tortuosity. The first is that despite the fact that slice wet weight is greater for thick slices than thin slices, the volume of distribution for 3 H 2 0 is larger in thin slices. The difference is small but apparently significant (Table  6 ; Fig. 5 ). This suggests that there is a fraction of water in the thick slices that is not available for rapid exchange with 3 H 2 0 and, because water is thought to be freely permeable across all cellular boundaries, that there is a component of water that is "bound" in the ischemic tissue, not available for exchange with the remaining water. This may correlate with the histologic appearance of darkly stained, pyknotic neurons. The second note worthy change in thick slice kinetics occurs with 45 Ca (Table 8 ; Fig. 7 ). Whether the serial or parallel model is used, it is clear that the second compartment changes drastically in the thick slice entirely as a result of a very large decrease in k 4 or k 2 ', the rates of efflux from the second compartment in series or parallel, even though the first Ca+ 2 compartment is the same for the two slice thicknesses. Furthermore, the same effect is observed in hypoxic 450-fLm slices, suggesting that this is a common response of hippocampal tissue to progressively declin ing energy and redox states. In other words, during hyp oxia or ischemia, Ca+ 2 appears to accumulate in a slowly exchanging tissue compartment, possibly an intracellular organelle, because of tight binding or failure of an ex trusion mechanism. The third change in slice kinetics with slice thickness is the slightly larger volume of dis tribution for 1 4 C-30MG in the 1,050-fLm slice, appar ently involving both tissue spaces. This seems surprising at first but suggests that glucose is becoming limiting for metabolism in thick slices. It has been demonstrated in vivo that the volume of distribution for 30MG rises un der conditions of hypoglycemia or when glucose is lim iting for other reasons (Gjedde, 1982; Buschiazzo et a!., 1970; . Measurements of adenylate compounds in 450-fLm hippocampal brain slices demon strate a decline in the adenylate energy charge when slices are exposed to buffers with glucose less than I mmollL (unpublished observations).
A surprising result of this series of experiments is that the apparent diffusion coefficient in the extracellular space appear to increase in thick slices. For all four ra diotracers, the calculated diffusion coefficients for thick slices are significantly larger than for thin slices so that the values of A are consistently smaller, suggesting that tortuosity is reduced in thick slices. Most comparisons of diffusion in normal and ischemic brain tissue, made us ing ISM or diffusion-weighted MRI, demonstrate either an increase in A during ischemia in vivo (Sykova et a!., 1994; Lundb::ek and Hansen, 1992) or no significant change , or that the results depend on the region studied. For example, hippocampal CAl shows no change but CA3 shows a small increase in A in vitro during anoxia-aglycemia (Perez-Pinzon et a!., 1995). In related studies, hypernatremia also appears to produce a small increase in A in cortex of anesthetized rats (Cserr et a!., 1991) , whereas hyperkalemia produces no change in CAl but a small increase in CA3 (McBain et a!., 1990) . In no instance has any of these studies using ISM observed a reduction in A. Similarly, most measure ments by diffusion-weighted MRI have consistently demonstrated a fall in the ADC. One in vivo study has, however, measured an increase in the ADC in regions of mild to moderate ischemia (Pierpaoli et a!., 1993) . In rats subjected to the rose bengal model of frontoparietal isch-J Cereb Blood Flow Metab. Vol. 18, No. 7, 1998 emia, diffusion-weighted MRI demonstrated an increase of the ADC by 13% to 16% after 6 hours in the cortical regions adjacent to the ischemic core in which the ADC fell by 20% to 55%. Histologic correlations demon strated classic ischemic neuronal changes with severe swelling of the neuropil and astrocytic processes sur rounding the degenerating neurons in the core regions with reduced ADC. Pe ripheral regions with increased ADC showed pale, spongy appearance with mildly dis torted neurons and milder expansion of perineuronal as trocytes. Although an increase in ADC was also ob served in the ischemic core after 24 hours, this correlated with complete liquefactive necrosis and is not relevant to the present discussion. Thus, thick slices and the isch emic rim of the rose bengal model share both a similar histologic appearance and increased rates of diffusion. Some caution should be taken in comparing ADC mea surements with measurements of extracellular diffusion in slices, however, because changes in ADC almost cer tainly reflect changes in distribution of water from ex tracellular to intracellular spaces as well as direct effects of extracellular diffusion rates (Moseley et a!., 1990; Benveniste et aI., 1992) . Because edema is a prominent feature of the rose bengal model, increased intracellular water may have masked an even larger increase in ECS diffusion than is apparent from the observed increase in ADC.
It is not clear how to reconcile the discrepancy be tween the results from these radioisotope studies ' and results obtained by ISM methods. Po ssibilities include the failure of thick brain slices to provide an adequate model of in vivo ischemia, a problem with our analytical methods, and a systematic difference in how radiotracer and ISM methods sample the extracellular space. Most properties of thick brain slices have been entirely con sistent with the present understanding of metabolism in the ischemic penumbra. Several features of thick slices, such as the increased lactate (Newman et a!., 1991) , ex tracellular K+ (Lipinski and Bingmann, 1986) , and AMP (Table 2) , more closely resemble the situation during in vivo ischemia than do the corresponding results with thin slices exposed to reduced O2 or glucose. Although most studies reveal that thick brain slices are heterogeneous, with metabolic profiles of O2, K+, 2-deoxyglucose, and 2-deoxyglucose phosphorylation that differ between the slice center and the periphery (Lipinski and Bingmann, 1986; Newman et a!., 1988) , the experimental profiles can be predicted with simple models that assume no change in ECS as a function of depth from the slice surface. In addition, the fluorescence microscopy pro vided qualitative evidence against significant differences in ECS as a function of slice depth while eliminating the trivial possibility that tracers are actually excluded from the center of the thick slice so that measurements reflect only diffusion at the slice surface. There were no histo-logic differences between thick slices and hypoxic slices apparent at the light microscopic level, such as increased vacuolization of the neuropil or dissolution of cellular membranes, that could explain the difference. If the in crease in diffusion rate was caused by tissue destruction or permeability of membranes, then the ECS volume should have increased, but thick slices demonstrate the expected decline in ECS volume. Thus, there is no rea son to suspect that thick brain slices would fail to model the state of extracellular diffusion that occurs during ischemia in vivo.
It is also unlikely that some form of calculational error can explain this apparent anomaly in thick slices. First, the analyses employed for this study, although complex, are based entirely on standard mathematical theory and methods. Second, radiotracer kinetics in thin slices cor relate very well with ISM results. Third, the experiments with agar discs have shown that the analytical methods do give the appropriate results for both thin and thick slabs, although it was found to be necessary to introduce an " unstirred layer" to obtain a value of the diffusion 
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De p th (/lm) L-_______ _ coefficient consistent with prior diffusion measurements of PEG-3,400 in agar. But other investigators also have found it necessary to use an unstirred layer for brain slice kinetic analysis (Lipinski and Bingmann, 1987) so that this is not unreasonable or without precedent. The ob servation that including a 265-j.Lm thick un stirred layer yields the known diffusion coefficient of 3,300-Da PEG in agar simultaneously for both thin and thick agar discs supports the validity of the approach. Note that this rather large 265-j.Lm "unstirred layer" is really a com bination of the classic unstirred surface layer with the effective dead space of our chamber system related to chamber geometry and the presence of supporting mesh above and below the slices. Note also that inclusion of this space does little to correct the difference in diffusion coefficients and A between thin and thick brain slices.
The reason for this is apparent from the theoretical slice profiles shown in Fig. 8A -D. Although the high volume fraction for PEG in agar discs causes a continuous gra dient to form from the beginning of the un stirred layer to the center of the disc, the much lower value of a in brain 1 050 Jlm Slice slices and the relatively rapid diffusion of molecules across the unstirred layer causes the unstirred layer to behave as if saturated, limiting the correction to diffu sion. This is similar to diffusion into tissue from a cavity formed after pressure injection by micropipette (Nichol son, 1985) . Finally, the experiments with f1uorescein labeled, lysine-fixable 3,000-Da dextran provide qualita tive but unambiguous confirmation that this size mol ecule reaches the center of 1,050-f..l m hippocampal slices in an amount of time similar to that to reach the center of 450-f..l m slices, indicating a faster rate of diffusion in thick slices. There was only a minimal gradient from slice surface to slice interior in the thick slices after IS minutes and virtually none by 30 minutes, consistent with a rapid diffusional process as predicted from the 1 4 C_PEG kinetics shown in Fig. 3B . From these results, it is very unlikely that some form of calculational error can explain our results with A in thick slices. Diffusion measurements with ISM cited above are highly consistent among laboratories so that it would be necessary to posit some systematic "error" in the ISM method during hypoxia or ischemia to account for the discrepancy with the whole-slice radiotracer results. There is no evidence for any such systematic error. How ever, one potential source of error with ISM relates to the tissue uptake of the diffusing electrolyte (Nicholson and Ph illips, 1981) . Tissue uptake of tetramethylammonium during ISM measurements is usually accounted for by assuming a unidirectional uptake with rate constant, k'. Although the assumption of unidirectional flux is prob ably valid, given the short time course of ISM measure ments, the value of k' is not insignificant, on the order 0.01 seconds-l or 0.6 minutes-I , which is comparable to the uptake of 30MG in our system. Thus a large change in k' during ischemia might obscure the ability to recog nize a fall in A or make it difficult to obtain a consistent fit with the operational ISM equations that describe dif fusion after iontophoresis or pressure injection and that are used to calculate a, A, and k' (c. Nicholson, personal communication) . Although another potential source of systematic error with ISM methods will be considered below, no conclusive proof for such an error will be offered. Thus, at the present time, we are uncertain how to explain the discrepancy between our results and ISM observations.
Tortuosity is defined by the equation A 2 = DjDtisslIe, where A is tortuosity, D w is the diffusion coefficient of a molecule in bulk water, and Dtissue is the apparent diffu sion coefficient of the same substance in tissue. Although A is often interpreted in terms of diffusional pathlength, it is clear from this definition that any factors that change diffusion in comparison with that in free aqueous me dium will influence A. Broadly considered, these factors involve either geometry or chemical interactions. The most obvious geometric factor is a change in diffusion J Cereh Blood Flow Metah, Vol. 18, No. 7, 1998 pathlength in tissue, easily conceptualized as diffusion in extracellular pathways around cells instead of along a straight line. Although a crude estimate of this factor can be obtained from the ratio of the perimeter of a semi circle to the diameter of the circle (TI/2, equivalent to a value of A = 1.57), a more realistic calculation is very complex, despite the use of simplifying assumptions that are probably inappropriate for the CNS (Redwood et aI., 1974; Latour et aI., 1994) . Other geometric factors may also contribute. Any monotonic motion other than that parallel to the direction in which diffusion is measured will decrease Dti sslle and increase A (Appendix 2). Dif fusion in and out of blind alleys may also slow apparent diffusion. A "blind alley," in this sense, is a region in equilibrium with ECS but in which diffusion cannot oc cur along the direction of measurement. Blind alleys can appear in analyses either as tortuosity or as a tissue com partment depending on the time it takes for the mouth and fundus of the alley to equilibrate. Changes in the diffusion coefficient as a result of nonparallel motion or into blind alleys would be indistinguishable mathemati cally. Although diffusion in two parallel pathways can not, strictly speaking, be fitted by a single diffusion space, spread of the data may mask the distinction so that a change in the relative volume fractions of two parallel diffusing pathways with different rates of diffusion can also lead to a change in the measured rates of diffusion. Restricted diffusion as a result of interactions with mac romolecules in ECS may be considered either as a mi croscopic form of geometric alteration of diffusion (Ni cholson and Tao, 1993) or as a simple chemical interac tion. Reversible binding to and transport into cells will be indistinguishable from blind alleys, slowing apparent dif fusion if the interactions are fast (k1 and k 2 are large) or behaving as a compartment if the interactions are slow (k 1 and k 2 are small). Irreversible interactions with tissue will be detectable with any analytical model that includes uptake such as the k' used for ISM calculations or kl in our model. Finally, an increase in the viscosity of ECS water may also lower the apparent diffusion coefficient and increase tortuosity (Ling, 1970) . This may be very relevant to diffusion in brain because the diameter of ECS in cerebral tissue is only 150 to 200 A (Schmitt and Samson, 1969; Nicholson and Tao, 1993) and water may alter its behavior when confined to spaces of this size (Derjaguin, 1965) . Thus, there are a large number of factors that can reduce Dti ssue and increase the tortu osity, A.
How, then, is it possible to explain the apparent in crease in ECS diffusion rate and decrease in tortuosity of thick slices even as ECS volume decreases? It is clear that this pair of observations cannot be explained by partial closure of a homogeneous extracellular space, be cause this would reduce ECS volume but leave the ap parent diffusion coefficient unchanged. Therefore, if our observations are valid, there must be significant hetero geneity of diffusion in the ECS, and thick slice ischemia must act differentially on the heterogeneous pathways. From the foregoing discussion of tortuosity and Appen dix 2, any of the following could explain the effects of thick slice ischemia. Either (1) ECS is not isotropic and in thick slices there is a preferential closure of pathways that are perpendicular to the direction in which diffusion is measured, or (2) there are pathways with differing rates of diffusion and in thick slices there is preferential closure of the pathways with slower rates of diffusion, or (3) there are extracellular blind pouches in thin slices that close in thick slices, or (4) there are rapidly reversible chemical interactions in ECS that are restricted in thick slices, or (5) the viscosity of ECS water decreases in thick slices as the mean size of ECS channels increases, or (6) some combination of these or other events occurs. Although our kinetic data cannot distinguish among these possibilities, the observation that thick slices gain water suggests that cytotoxic edema may be responsible for the closure of blind alJeys or the preferential closure of smalJ diffusing pathways. The net result of either would be a smaller total ECS volume consisting of a simpler network of channels with a larger mean diam eter. Within such larger spaces, the apparent diffusion coefficient would approach more closely that of bulk water, primarily because the pathlength is more linear, but there may also be contributions from changes in wa ter structure if viscosity increases in narrow-diameter ECS channels. Our data provide indirect support for this hypothesis. The possibility, from calculation of A. (Table  5) , that diffusion of PEG was more restricted than that of 30MG or Ca+ 2 in the ECS of 450-f.Lm slices has already been considered above. In l,050-f.Lm slices, however, there is no difference in A. among the various tracers ; that is, there is no evidence that PEG is more restricted than 30MG or Ca+ 2 . This is consistent with a change in the size distribution of ECS pathways toward fewer small, more restrictive channels. Furthermore, if this type of nonhomogeneous tissue reorganization does occur, then it is possible that the larger spaces could be missed by studies based on ISM because the placement of elec trodes relies on tissue characteristics, which may not be present if the electrode were present in a large channel (c. Nicholson, personal communication) . In effect, the ISM methods would be sampling the closely packed re gions with smaller ECS and highly restricted diffusion but systematically excluding the larger spaces. These large spaces would be detected by whole-slice methods using radiotracers because the entire tissue contributes to the measurements. This suggestion is only speculative, however, and without experimental support. The alterna tive explanation, based on preferential closure in thick slices of pathways perpendicular to the direction in which diffusion is measured, cannot be excluded, how-ever, because the hippocampal slice is likely to be an isotropic. Hippocampal slices are cut in a transverse plane during preparation so that most of the dendrites and axons of the hippocampal neurons are oriented ap proximately parallel to the cut surface. In addition, most of the axonal bundles between parasubiculum and den tate, dentate and CA3, and CA3 and CA 1 are oriented in the plane of the slice as well. Finally, it is possible that the observations with thick slices are an accurate reflec tion of events in the ischemic penumbra because at least one in vivo MRI study has observed an increase in the ADC of tissue within the periphery of the ischemic insult (Pierpaoli et aI., 1993) .
It is interesting to note that, unlike thick slices, hyp oxic slices do not show a decrease in ECS volume or an increase in the apparent diffusion coefficient despite the fact that they gain at least as much water during the incubation. Thus, the water gain per se cannot be the sole explanation of these changes. It seems likely that the greater thickness of the thick slice increases the resis tance to overall tissue expansion such that the cellular water gain results in compression of the ECS rather than simply increasing the volume of the slice as a whole. This would be more analogous to the situation in vivo because the surrounding brain, meninges, and skulJ pro vide considerable resistance against expansion as tissue water increases during edema.
Extracellular space diffusion contributes to a wide range of normal and pathologic phenomena in brain. Many small molecules, including neuropeptides, neuro transmitters, and inorganic ions, are dependent on diffu sion for their distribution and clearance (Descarries et aI., 1991; Nicholson and Ph illips, 1981) . Three-dimensional signal diffusion through ECS, referred to as "v olume transmission, " may complement electrochemical synap tic transmission for information transfer in CNS (Agnati et aI., 1995) . There is considerable evidence that neurons and glia interact extensively through the ECS with pro lific traffic of intermediary metabolites and precursors for synthesis of amino acids and neurotransmitters (Son newald et aI., 1991; Badar-Goffer et aI., 1992; Tsaco poulos and Magistretti, 1996) . Several prevalent diseases of the nervous system are accompanied by major distur bance of ECS volume and diffusion, including stroke, seizures, and osmotic imbalance, as welJ as spreading depression (Van Harreveld, 1972; Hoehn-Berlage et aI., 1995; Cserr et aI., 1991; Hasewaga et aI., 1995) . The importance of ECS diffusion for drug delivery has been fully detailed (Fenstermacher and Kaye, 1988) . Under standing diffusion in ECS is also important for interpret ing microdialysis (Benveniste et aI., 1984) and new im aging techniques such as diffusion-weighted MRI (Le Bihan, 1991) .
Extracellular diffusion in the CNS is a complex phe nomena that remains difficult to measure accurately. The theories developed for these studies are general and ap plicable both in vivo and in vitro. The experimental ap proach involves a variety of radiotracers with ischemic brain slice models and controls. The primary advantage of this approach is that measurements of extracellular diffusion are coupled to transport and intracellular kinet ics. In addition, tissue kinetics can be studied in the absence of the blood-brain barrier. The primary limita tion of the approach is that the measurements include diffusion through the injured cut surface of the slice. An additional difference is that the mean diffusional dis tances of slices are greater than mean intercapillary dis tances in vivo. Studies with control slices are entirely consistent with earlier studies of diffusion and with prior compartmental kinetic studies. Studies with hypoxic slices also are consistent with the expected effects of this mild insult. The most intriguing result is the observation in thick slices that extracellular volume shrinks even as the diffusion coefficients of all of the radiotracers appear to increase, suggesting that extracellular tortuosity de creases during partial ischemia. If this result can be con firmed, it suggests that the ECS is heterogeneous both in its structure and in its responsiveness to major stimuli such as ischemia.
Appendix 1
Theory of Kinetic Model with Diffusion and Two
Intracellular Compartments
The simplest tissue slice model with any compart ments will be analyzed initially because the mathemati cal equations for the more complicated models are de rived in a completely analogous manner. The partial dif ferential equations for the model shown in Fig. l A, ae(x, 0) = ac(x, 0) = 0 ae(-L, t) = ae(L, t) = Co ' ECS where x is the distance from the center of the slice, t is the time, L is the half-thickness of the slice, ECS is the extracellular space in the slice, D is the diffusion coef ficient of the material in the ECS, k] is the rate constant from the ECS into the cell, k 2 is the rate constant from the cell into the ECS, ae is the amount of material in the ECS per unit volume of the slice, ac is the amount of material in the cells per unit volume of slice, and Co is the concentration of the bathing material, which is a con stant value during uptake. Diffusion through the pial-J C e r e b Blood Flow M e tab, Vol. 18, N o .7 , 1998 covered edges is neglected so that all entry is considered to occur through the cut surfaces of the slice. L � t the Laplace transform of the variable A be denoted by A, where 
To invert iie, the approach using partial fractions (Crank, 1975, pp 22-24) will be followed. The denomi nator of equation 4 can be written as a polynomial in s with zeros when s = 0 and when <\> = <\>n' where 2 (2n -1 ) 2 1T 2 <\> n = -4L 2 n=0,1 ,2, ... oo 
To calculate the average amount in the brain during the washout period, the following simple approach may be used. If Tup is the uptake time and Ll is the washout time, then if Ay{Tup + Ll) is the average total amount of mate rial in the slice at time Tup + Ll, To see this, note that ae(x, Tup + Ll) -ae(x, Ll) and a,.(x, Tup + Ll) -a,.(x, Ll) satisfy equation 1 with the initial washout conditions of ae(x, Tup) and ac(x, Tup) at Ll = 0 and the boundary conditions of ae(O, t) = Oct > Tup) and that ay{t) is simply the average value of ae(x, t) + ac(x, t) .
The derivation of the equations for the more complex cases, in which there is more than one compartment, is, as stated before, completely analogous to the one compartment case. Therefore, only the partial differential equations describing the model and final equations for ay{t) will be presented. For the model shown in Fig where <Pn is given by equation 9. For the model of Fig. I D, two compartments in series, the third compartment in parallel, the partial differential equations are a 2 ae(x, t) D 2 -(k\ + k; )ae(x, t) + k 2 ac \ (x, t) ax + k;ac3(x, t) J Cereb Blood Flow Melab, Vol. 18, No. 7, 1998 aac l (x, t) at = k\ ae(x, t) -(k 2 + k3)ae\(x, t) + k4ac 2 (x, t) aac 2 (x, t) at = k3ae\ (x, t) -k4ac 2 (x, t)
ae(x, 0) = ae l (x, 0) = ac 2 (x, 0) = ac 3(x, 0) = 0 ae(-L, t) = ae(L, t) = Co ' ECS The solution for this equation is 
where Ce is the concentration of the material in the ECS and the unstirred layers, b is the thickness of the unstirred layers, Ce(L-) is the value of the concentration of the material in the ECS of the slice at x = L, and CeCL+) is the concentration of the material in the unstirred layer at x = L. As shown in Smith (1965, pp 44-45) , The average amount of material in the agar disc can be calculated as ECS fL fp ay{t) = --2-2TIrCe(x, r, t) drdx 2TIp L -L 0 (34)
These equations were numerically evaluated by means of the Crank-Nicolson implicit method (Smith, 1965) .
APPENDIX 2
Effects of ECS heterogeneity on the calculated apparent diffusion coefficient
Assume that there are two types of diffusion pathways. Two cases will be considered separately. In the first case, the rates of diffusion in the two spaces are equal. In the second case, the rates of diffusion are unequal as a result of some influence, such as pathway size or anisotropic tissue microstructure, which restricts the rate of diffusion in the second pathway.
For the case in which the rates of diffusion are equiva lent, if the second pathway is perpendicular to the first, then the second pathway behaves like a bound region.
Following the argument of Crank (1956, pp 326-327) and assuming that the concentrations remain equal in the two pathways
S=Ra
(1) where S is the amount of radiotracer in the second path way per unit volume of the slice, a is the amount of radiotracer in the first pathway per unit volume of slice, and R is the volume ratio of the pathways in the perpen dicular direction to that in the first pathway, Vi V, . The partial differential equation for this model isn
(2) Therefore, eliminating diffusion through the second pathway will increase the apparent rate of diffusion.
If the second pathway is parallel to the first and the two pathways have equal rates of diffusion, then the apparent rate of diffusion is the same regardless of whether the second pathway is open or not, and only the volume of ECS will change as the second pathway opens or closes.
If the second pathway is at an acute angle to the first pathway then the situation is intermediate between the two extremes discussed above so that closing the second pathway should lead to an increase in the apparent dif fusion coefficient.
For the case in which there are two separate pathways J Cereb Blood Flow Metab, Vol. 18, No. 7, 1998 and the rate of diffusion is slower in the second pathway than in the first pathway and the second pathway is par allel to the first, the partial differential equations are:
(3)
where t is time, ai is the amount of radiotracer in the ith pathway per unit volume of slice, and Di is the rate of diffusion for the radiotracer in the ith pathway. There fore, so that (6) Therefore, diffusion through parallel pathways with differing rates of diffusion is not equivalent to diffusion through a single path and could be distinguished with sufficiently accurate data. If the data are insufficient to distinguish the two pathways, however, then loss of the second pathway with a slower rate of diffusion will result in a decrease in the volume of the diffusing region and an increase in the apparent rate of diffusion.
